ABSTRACT In this paper, we develop a novel framework to analyze the successful content delivery performance of device-to-device (D2D) networks with cache-enabled and self-sustained mobile helpers (MHs). Particularly, to facilitate the access of multimedia services for user equipments (UEs) under intermittent energy arrivals, an energy-based content delivery strategy, namely the energy-dependent nearest MH transmission (ED-NMT) strategy is considered. Under the proposed ED-NMT strategy, an MH is capable of delivering the content to the requesting UE if sufficient energy is harvested in its battery and it is the nearest MH of the tagged UE. Assuming infinite battery capacity, with ED-NMT strategy, we characterize the energy availability, and thereby, the transmission probability of MHs which cache the f -th file at the local storage. Then, we derive the cache-hit probability and the coverage probability of the f -th file. Finally, with the obtained results, we evaluate the successful content delivery probability (SCDP) of the D2D network with cache-enabled and self-sustained MHs. It is shown through both analytical and numerical results that under certain conditions, there is no performance loss due to stochastic and intermittent energy arrivals. INDEX TERMS D2D networks, self-sustained and cache-enabled mobile helpers, energy harvesting, stochastic energy arrivals, successful content delivery probability.
I. INTRODUCTION
Stimulating by the growing demand for rich multimedia content [1] , the mobile network architecture is undergoing an unprecedented paradigm shift over recent years from connection-oriented networking to content-centric data delivery [2] - [6] . Among various innovative solutions, deviceto-device (D2D) communication [7] - [10] and wireless caching [11] - [14] are considered as the key enabling technologies of this shift and have been attracted tremendous interests both in academic and industry. Particularly, by allowing mobile devices of proximity to share their cached content directly to each other, cache-enabled D2D communication [15] - [18] can substantially increase the network spectrum efficiency, reduce the end-to-end data transmission delay, offload the massive and redundant traffic load from the The associate editor coordinating the review of this manuscript and approving it for publication was Jun Wu. base stations, and alleviate the backhaul congestions of the cellular network.
On the other hand, due to the growing concerns on the excessive energy consumptions and the associated environmental costs, energy harvesting based green communication has emerged as an important research avenue and thereby received significant attention recently. Particularly, by scavenging powers from the surrounding environment, the energy harvesting based green communication potentially provides an unlimited power supply for wireless networks and thereby significantly reduces the energy expenditure. As such, it is beneficial to investigate the energy harvesting based green delivery in cache-enabled D2D networks for sustainable operation.
A. RELATED WORK
The cache-enabled D2D communication has been widely considered in the literature [19] - [33] . Particularly, in [19] , Chen et al proposed an opportunistic cooperation strategy by utilizing the cached content at the devices such that the unintended interference among D2D transmissions can be effectively controlled. In [20] , Park et al. presented a smart offloading system to alleviate the cellular network traffic load by effectively offloading parts of the video traffic to cacheenabled D2D networks. In [21] , Malak et al. evaluated the probability of successful content delivery and derived the optimal probabilistic caching placement which maximizes the density of successful receptions under a general transmission strategy in cache-enabled D2D network. In [22] , Yi et al. investigated the social-aware D2D content sharing and proactive caching under the framework of downlink cellular traffic offloading. In [23] , Giatsoglou et al. studied the high-rate content exchange policy through cacheenabled D2D communication with millimeter-wave. In [24] , Wang et al. proposed a mobility-aware caching placement strategy to maximize the data offloading ratio of the cellular network. In [25] , Bai et al. investigated the social ties and common interests based cache-enabled D2D network under a novel framework of hypergraph. In [26] , Zheng et al. developed a joint link scheduling and power allocation algorithm to maximize the throughput of cache-enabled D2D network. In [27] , given that the user demands are known in advance, Gregori et al. investigated the joint design of content delivery and cache placement policies in cache-enabled D2D networks to simultaneously achieve the pre-downloading gain and local caching gain. In [28] , Song et al. studied the cache-enabled D2D networks with contention based multimedia delivery. In [29] , L. Lei et al. investigated the optimization of caching placement/replacement and content delivering from a deep learning perspective. In [30] , N. Carlsson et al. considered the scenario of ephemeral content popularity at the edge and evaluated the performance tradeoffs of alternative edge caching policies. In [31] , Z. Chen et al. investigated the probabilistic caching policy in cache-enabled D2D network. In [32] , F. Rezaei et al. provided a novel hybrid coded caching scheme to maximize the stable throughput of single bottleneck caching networks. In [33] , N. Pappas et al. evaluated the impact of bursty traffic and random availability of caching assistants in wireless caching networks. It is worth noting that for the above mentioned works [19] - [33] , none of them has considered the energy harvesting based content delivery.
For energy harvesting based content delivery, in [34] and [35] , Gong et al. investigated the proactive content caching and pushing with energy harvesting based small cells to reduce the energy consumption from the power grid. In [36] , Li et al. developed a proactive coded content caching scheme for a system consisting of a macro base station and several energy harvesting based small cells, and investigated the optimal transmission policy. In [37] , Wu et al. proposed a joint transmission strategy for the cache-enabled and renewable energy-powered HetNets and analyzed the corresponding network performance with stochastic geometry. In [38] , Guo et al. studied the content caching and mobile userbase station association mechanism in the energy harvesting based small cell networks to save the on-grid power. It is worth noting that for the above mentioned works [36] - [38] , none of them has considered the content delivery via D2D communication.
B. CONTRIBUTIONS
Different from [19] - [35] we investigate the D2D networks with cache-enabled MHs powered by energy harvesting in this paper. The main contributions of this paper are summarized as follows.
• A novel framework is developed to analyze the SCDP performance of D2D networks with cache-enabled and self-sustained MHs. Particularly, the D2D network is considered to be formed by a set of UEs, a set of dedicated MHs, and a library F of multimedia files, where the locations of UEs and MHs are modeled as two independent HPPPs. With caching capability enabled at MHs, random demands of UEs for multimedia service can be immediately served if the request file is precached at the MHs within a distance of R d , i.e., the collaboration distance of D2D transmission. Further, equipped with energy harvesting devices and rechargeable batteries, the MHs are considered to be capable of replenishing powers from surrounding RF sources for multimedia delivery. As such, the energy cost of the D2D network can also be substantially reduced.
• The energy arrival process is modeled by a collection of i.i.d. random variables with expectation given by ν e over the space in each time slot. Then, to facilitate the access of multimedia services for UEs under intermittent energy arrivals, an energy based content delivery strategy, namely the energy dependent nearest MH transmission (ED-NMT) strategy is considered. Particularly, under the proposed ED-NMT strategy, a MH is capable of delivering the content to the requesting UE if sufficient energy is harvested in its battery and it is the nearest MH of the tagged UE. Assuming infinite battery capacity, with ED-NMT strategy, we characterize the the energy availability and thereby the transmission probability of MHs which cache the f -th file at the local storage. We then derive the spatial distribution of the active MHs.
• We characterize the cache hit probability and the coverage probability of the D2D network for the f -th file in F. Further, based on the obtained results, we derive the SCDP of the D2D network with cache-enabled and self-sustained MHs. It is shown through both analytical and numerical results that if the energy harvesting rate ν e is larger than a certain value, there is no performance loss of the D2D network due to stochastic and intermittent energy arrivals.
The remainder of this paper is organized as follows. We first present the system model in Section II. Then, Section III derives the energy availability and thereby the transmission probability of MHs. Based on the results derived VOLUME 7, 2019 in Section III, Section IV characterizes the SCDP of the cache-enabled D2D networks. Further, to validate our analytical results, we present simulations in Section V. Finally, Section VI provides the concluding remarks of this paper.
II. NETWORK MODEL
We consider a D2D network comprised of UEs and dedicated MHs, where the locations of UEs and MHs are modeled as two independent HPPPs with densities given by λ m and λ u , respectively. Further, We consider a finite library F := {1, 2, · · · , F} of multimedia files, where the popularity of the f -th file in F follows the Zipf distribution as
with parameter γ ≥ 0. For simplicity of exposition, it is assumed that all the files in F have the same size and are normalized to one. It is further assumed that each MH can cache at most 1 file at the storage with the corresponding caching probability of the f -th file denoted by c f . We assume that all the MHs transmit with an equal power P. Further, it is assumed that the propagation channel is modeled by the standard large-scale path-loss of exponent α and small-scale Rayleigh fading of unit mean. As such, the received signal to interference ratio (SIR) for a tagged UE at location x is given by
where d ≤ R d denotes the distance between the tagged UE and its associated MH with R d as the collaboration distance of D2D transmission, m denotes the set of interfering MHs, h and h i denote the i.i.d exponentially distributed power coefficient of small-scale fading, and y i denote the location of the i-th MH in m . The energy arrival process for a tagged MH at location x is modeled by a collection of i.i.d. nonnegative random variables Z t (x) over time with mean and variance given by
respectively, where t denote the slot index. As such, the energy arrival process for MHs is stationary over R 2 . Further, the time slot is assumed to be of unit duration, which thereby allows the interchangeability between the terms of power and energy.
To facilitate the access of multimedia services for UEs under intermittent energy arrivals, an energy based content delivery strategy, namely the energy dependent nearest MH transmission (ED-NMT) strategy is considered. Particularly, under the proposed ED-NMT strategy, at the beginning of each time slot, UEs make random requests for multimedia services to surrounding MHs within a distance of R d . Upon receiving the demand of multimedia files from UEs, the tagged MHs then make independent decisions to response the requests based on its content caching status and instant battery status. Specifically, if the requested file from UE is pre-cached and the harvested energy in the battery has accumulated to the transmit power P, the tagged MH is enabled to deliver the content, otherwise it defers. It is worth noting that if multiple MHs are eligible to satisfy the request, the respective UE simply associates with the nearest one for content delivery. Further, to simplify the analysis, we assume that a MH may simultaneously associate with multiple UEs for content delivery if it is the nearest MH of all the tagged UEs with the same file request.
We denote B as the battery capacity of MH. Then, under the proposed ED-NMT strategy, for a MH at location x, its accumulated energy in the battery at epoch t is given by
where
with 1 A denoting the indicator function of event A, R denotes the event that the requested file of UE is pre-cached at the tagged MH, and N denotes the event that the tagged MH is the nearest MH of the requesting UE.
Throughout the paper, we will employ the energy availability, transmission probability, coverage probability, and SCDP as the primary performance metrics. Particularly, the energy availability is defined as the probability that a MH has sufficient energy in battery for content delivery. With S t (x), the average energy availability for an arbitrary MH at location x is then given by
The transmission probability of MHs is defined as the portion of time that a MH is able to deliver a file to its associated UE over a period of n time slots as n → ∞. Particularly, with (6), we obtain the transmission probability of an arbitrary MH at location x as
The cache hit probability is defined as the probability that the file requested by a UE is found at the caches of MHs within a distance of R d . Further, the coverage probability is defined as the probability that the received SIR for a tagged UE is larger than a predefined target θ. Finally, the SCDP is defined as the product of the cache hit probability and coverage probability.
III. ENERGY AVAILABILITY AND TRANSMISSION PROBABILITY
In this section, assuming infinite battery capacity, we characterize the transmission probability of cache-enabled and self-sustained MHs in D2D networks under the proposed ED-NMT strategy. Firstly, let ζ f denote the probability that a MH receives at least one service request from surround UEs of the f -th file which is found at the local storage. We derive ζ f in the following lemma.
Lemma 1: For D2D networks with cache-enabled and self-sustained MHs, under the ED-NMT strategy, ζ f is given by
Proof: Given p f , (9) is readily obtained. Remark 2: It can be easily verified that
Let f denote the probability that a MH is the nearest MH which caches the f -th file requested by the tagged UE. Then, we derive f as given by the following lemma.
Lemma 3: For D2D networks with cache-enabled and self-sustained MHs, under the ED-NMT strategy, f is given by
Proof: Denoting r as the distance between the tagged UE and its nearest MH which caches the f -th file, it can be easily verified that
where f r (r) = 
Then, based on Lemmas 1 and 3, we characterize the energy availability f for MHs which caches the f -th file as follows.
Lemma 5: For D2D networks with cache-enabled and self-sustained MHs, under the ED-NMT strategy, and assuming an infinite battery capacity for MHs, f is given by
Proof: See Appendix A. Based on Lemma 3, we eventually obtain the η f for MHs as follows.
Theorem 6: For D2D networks with cache-enabled and self-sustained MHs, under the ED-NMT strategy, and assuming an infinite battery capacity for MHs, η f is given by
Proof: Based on (8), by noting that 
Proof: By applying Theorem 6, (15) is immediately obtained.
It is worth noting that a f m is stationary but obviously does not follow a HPPP. As such, the coverage probability and thereby the SCDP of the D2D network under the ED-NMT strategy can not be exactly characterized. To address this conundrum, we make the following assumption on a f m as that in [40] - [42] . 
In the next section, under Assumption 8, we characterize the cache hit probability, the coverage probability, and thereby the SCDP of the D2D network with cache-enabled and self-sustained MHs under the ED-NMT strategy.
IV. SUCCESSFUL CONTENT DELIVERY PROBABILITY
Under Assumption 1, we focus on a typical UE denoted by U at the origin requesting the f -th file in F to its associated MH denoted by M at at a distance of d f away. We first characterize the probability density function (PDF) of d f as follows.
Lemma 10: Under Assumption 8, conditioning on that M deliveries the f -th file to U,
Proof: Given λ a f m and R d , noting that d f ≤ R d , it can be easily verified that
Then, by taking the derivative of (18) with respect to r d , (17) is readily obtained.
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Given that M deliveries the f -th file to U, let 
Let ξ f and C f denote the cache hit and coverage probabilities, respectively, for the f -th file in F. Then, based on Lemma 10, we characterize ξ f and C f in the following two lemmas.
Lemma 11: For D2D networks with cache-enabled and self-sustained MHs, under the ED-NMT strategy, based on assumption 8, and assuming an infinite battery capacity for MHs, ξ f is given by
Proof: Given p f , λ m , c f , and R d , ξ f is then obtained by evaluating the probability that at least one MH within a distance of R d from the tagged UE caches the f -th file and has enough power for content delivery.
Remark 12: It can be verified that for ν e P ≥ ζ f f , there is no performance loss on ξ f due to intermittent energy arrivals, i.e., Lemma 14: For D2D networks with cache-enabled and self-sustained MHs, under the ED-NMT strategy, based on assumption 8, and assuming an infinite battery capacity for MHs, C f is given by
Remark 13: For
is given by (17) .
Proof: See Appendix B. Remark 15: Similar as ξ f , for ν e P ≥ ζ f f , there is no performance loss on C f due to intermittent energy arrivals. Let τ f denote the SCDP for the f -th file in F. Then, based on Lemmas 11 and 14, we finally evaluating τ f as follows.
Theorem 16: For D2D networks with cache-enabled and self-sustained MHs, under the ED-NMT strategy, based on assumption 8, and assuming an infinite battery capacity for MHs, τ f is given by (22) where f d f (d f ) is given by (17) .
Proof: Under Assumption 8, (22) is readily obtained by applying Lemmas 11 and 14.
Remark 17: Let τ d denote the average SCDP of the D2D network. Then, τ d can be obtained as
Remark 18: By the property of ξ f and C f , given ν e P ≥ ζ f f , there is no performance loss on τ f and thereby τ d due to intermittent energy arrivals.
Remark 19: It is worth noting that due to the complex integrals in (22) , the closed-form expression on τ f can not be obtained. Instead, with Theorem 10, we derive the upper and lower bounds on τ d as follows.
Corollary 20: τ f is upper and lower bounded by
and
respectively. Proof: From Theorem 10, by noting that
On the other hand, it can be verified from (22) that
FIGURE 1. Transmission probability η 1 versus the expectation ν e .
V. NUMERICAL RESULTS
In this section, we validate the accuracy of the derived analytical results, and the tightness of the approximations by means of simulations. Throughout this section, we assume
, and c f = p f . To simulate the D2D network with cache-enabled and self-sustained MHs, we start with the realization of a PPP m with density λ m and a PPP u with density λ u . Further, the energy arrival process described in Section II is considered for each MH to accumulate the random power. Then, based on the proposed ED-NMT strategy, the cache-hit probability, coverage probability, and SCDP are thus numerically evaluated by averaging over the active MH locations.
We first present the simulated results of the transmission probability η f with f = 1 in Fig. 1 , versus its analytical value with respect to ν e . It is observed that the numerical results coincide exactly with our analytical results. It is also observed that the transmission probability η f is a piecewise function, where the dividing point depends on the energy arrival rate ν e and the transmit power P of MH.
Secondly, we validate the cache hit probability ξ f given by Lemma 11 in Fig. 2 . Particularly, we note that the approximation on a f m given by Assumption 1 is fairly accurate. Further, it is observed that ξ f is a piecewise function with respect to ν e in Fig. 3(a) , where the dividing point depends on the energy availability ratio
. Also, for ν e P ≤ ζ f f , it is observed that ξ f is an increasing function of ν e . Intuitively, this is because that for ν e P ≤ ζ f f , as ν e increases, the density of the energyeligible MHs within a distance of R d also increases.
Thirdly, we verify the coverage probability C f given by Theorem 16 in Fig. 3 . It is shown through numerical results that approximation on a f m given by Assumption 1 is valid. Further, by the piecewise property of ξ f , C f is also a piecewise function with respect to ν e . However, given ν e P ≤ ζ f f , instead of an increasing function of ν e as ξ f , C f C f is a decreasing function of ν e . Intuitively, this is due to the fact that for ν e P ≤ ζ f f , as ν e increases, the density of the interfering MHs also increases.
Finally, we plot the SCDP of the D2D network in Fig. 4 . It is shown through numerical results our analytical results are FIGURE 2. Cache hit probability ξ f versus the expectation ν e . accurate. It is also shown that given ν e P ≤ ζ f f , SCDP is an increasing function with respect to ν e . Intrusively, the is due to the fact that ξ f has a higher rate of change than the coverage probability C f over ν e . Further, it can be observed that when ν e P ≥ ζ f f for ∀f , there is no performance loss of the D2D networks with cache-enabled and self-sustained MHs due to stochastic and intermittent energy arrivals.
VI. CONCLUSION
In this paper, we has developed a novel framework to analyze the successful content delivery performance of D2D networks with cache-enabled and self-sustained MHs. Particularly, an energy based content delivery strategy, namely the energy dependent nearest MH transmission strategy is Proposed, under which a MH is capable of delivering the content to the requesting UE if sufficient energy is harvested in its battery and it is the nearest MH of the tagged UE.
Assuming infinite battery capacity, with ED-NMT strategy, we characterize the energy availability and thereby the transmission probability of MHs which cache the f -th file at the local storage. Then, based on the obtained results, we derive the cache-hit probability and the coverage probability of the f -th file requested by the typical UE. Finally, with the derived cache hit probability and coverage probability, we evaluate the successful content delivery probability of the D2D network with cache-enabled and self-sustained MHs. It is shown through both analytical and numerical results that if ν e P ≥ ζ f f for ∀f , there is no performance loss of the D2D networks with cache-enabled and self-sustained MHs due to stochastic and intermittent energy arrivals.
APPENDIX A PROOF OF LEMMA 5
Proof: For the energy availability of MHs which caches the f -th file, we consider the cases of (5) and (6), we can obtain that
where (a) follows from the fact that
It is worth noting that E S t (x) ≥ 0. As such, we have
Then, based on (7) and (26) , by noting that
an upper bound on f is obtained as
Further, based on [43] , by noting that S t (x) follows a general random walk process, an upper bound on E[S t (x)] is given by
where µ = ν e and ς = ν e P f ζ f f . Then, with (28), we can obtain that (29) i.e.,
With (27) and (30) , for
based on (7), we have We next consider the case of ν e Pζ f f ≥ 1. Particularly, by noting that
we have Pr S t−1 (x) ≥ P = Pr As such, for ν e Pζ f f ≥ 1, we can find certain n * such that ω < 0 for t − 1 ≥ n * . Based on this fact, by applying the Cantelli's inequality, we thus obtain that for t − 1 ≥ n * 
Further, by noting that f ≤ 1, we thereby obtain that f = 1 for ν e Pζ f f ≥ 1. We then complete the proof of Lemma 5.
APPENDIX B PROOF OF LEMMA 14
Proof: For the typical UE U at the origin, under the ED-NMT protocol, its received SIR for the f -th file in F is given by 
